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ABSTRACT /%0 )%')

Computed effects of specular reflection at the ground on the radiation
scattered from a Rayleigh atmosphere are presented. The relative contribution
to the ground albedo by each of several components of the radiation field is
discussed. The characteristics of the neutral points in the degree of polari-
zation that would be observed from the ground looking up or from above the
atmosphere looking down are presented.
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1. INTRODUCTION

When & planet is illuminated from the exterior, as by sunlight, the
characteristics of the scattered radiation that leaves either the top or the
bottom of the planet's atmosphere depend on the reflection properties of the
ground, if the optical thickness of the atmosphere is not too large. One
useful representation of the characteristics of ground reflection is that
part of the reflected light is diffuse and the remaining part is spe:z:u.].aa.r.l
The diffuse reflection characteristics can be specified by the lLambert law,
which states that the reflected radiation is isotropic and unpolarized.

The characteristics of the specular reflection can be related to those of
the incident radiation by means of the Fresnel law. The effect of Lambert
reflection on radiation scattered from a Rayleigh atmosphere has been in-
vestigated ‘l:horor.tghly.2’!4"’7"]'8 Before discussing the effect of specular
reflection, the models used for the computations will be specified.

The computations for three models will be discussed in this report.
A model includes both an atmosphere and the ground below it. The atmos-
phere is identical for the three models; only the reflection character-
istics of the grounds differ. The atmosphere is a plane-parallel slab of
infinite extent in the horizontal direction. The radiation parameters
vary only in a vertical direction, which is perpendicular to the slab's
surface. A unit volume of the atmosphere scatters radiation according to
the Rayleigh law. As a result of this law, radiation that is scattered
from a small volume of matter at right angles to the incident beam is
100 per cent plane polarized, regardless of the polarization of the inci-
dent beam. The model atmosphere does not absorb radiation. No radiation
is reflected from the ground of one model, which is called the zero ground
albedo model. Then for this model of course, the characteristics of the
scattered radiation that leaves the atmosphere depend only on the atmosphere.

The second model is called the Fresnel model , since the ground is a smooth
water surface, which reflects radiation incident on it specularly according
to the Fresnel law. If radiation is transmitted through the water surface
into the water, it is lost from the radiation field. The index of refraction

(m) of sea wvater is agsumed. The value uged increases f

m 1.34 to 1.38



as the total normal optical thickness of the atmosphere ('*:l) increases from
0.02 to 2.00. Finally, the third model is called ihe Iambert model, since the
ground of this model reflects radiation according to the lambert law. The
ground albedos of the Fresnel and Lambert models are identlcal when the atmos-
pheric optical thickness and solar zenith angle are the same for both models.
The source of illumination is parallel, unpolarized radistion that is incident
on top of an atmosphere. The incident radiation is directed from the top to
the bottom of the atmosphere. This incident radiation will be called solar
radiation.

Seke ra.19

computed the specific intensity and degree of polarization
of the skylight falling on the grcund of the Fresnel aznd of the zero ground
albedo models. The degree of polarization and intensity were approximately
the same for the two models. However, the neutral poinis, wiich refer to
the directions in the sky where the light is unpolarized, were considerably
different for the two models, when the atmospheric optical thickness was less

than 0.50.

The Natiomal Aeronsutics and Space Administration supported research
to compute parameters that characterize scattered radisticn which is directed
outwards from the top of the atmosphere of the Fresnel mcdel {contract No.
NAS5-3891) _lO These parameters included the fiux; specific intensity, degree
of polarization, and neutral point positions. When parameters for the Fresnel
model were compared with corresponding ones for the lambert model, it was
found that the parameters were essentially independent of the ground reflection
vhen the coptical thickness was greater than two. If the cutward radiation did
not come from near the horizon (at large zenith angle), the relative differ-
ence between the specific intensities and between the polarizationsfor the
two models incfea.sed‘ to large values as the optical thickness decreased to
Tl = 0.02. The outward fluxes for the two models differed by less than five
per cent. The neutral points for the two models differed significantly when
the optical thickness was less than 0.5. Coulsonh had found previously that
the neutral points for the Lambert model always occur in the sun's vertical
plane. (The sun's vertical plane is perpendicular to the horizontal surfaces

of a model, contains the zenith direction, and alsc passes through the sun.)

-2 =



However, the neutral points for the Fresnel model disappear from the sun's
vertical plane for a certain range of solar zenith angie and of optical

thickness .10

The neutral point characteristics merited additionmal investigations
that were not done on the previous contract, since neutral points are sensi-
tive to the scattering properties of a planetary atmosphere and to the mature
of the ground reﬂection.u’9’lo’ll’l3’lh’15’18’19’20 Furthermore, the neutral
point positions could be measured accurately from a satellite. Hence, NASA
supported the research reported here, where the principal effort was given
to finding the neutral point characteristics for the Fresnel model.

The equations for the Stokes parameters of the diffuse radiation field
were obtained by the methods of Chandrasekhar. The derivation of these
equations are given in reference 10. The computational methods and their
accuracy are also given in that reference. Although the ground albedo for
the Fresnel model was discussed in reference 10, new computed albedo data
will be given here. In addition to the neutral point ‘characteristics at
the top of the atmosphere, new neutral point data for the base of the atmos -

phere are presented also.




2. GROUND ALBEDO
2.1 GENERAL

Mullam.a.lz bas published extensive computations of the albedo of sea
surfaces. He took into account the roughness of the sea and polarization
effects. Mullamaa calculated the albedos of the direct sunlight, the sky-
light, and of both combined, but he did not give the relative contribution
of each of these components to the total albedo. This information will be
given for a smooth sea surface in this report. Mullamaa did not discuss
the effect of polarization on the albedo of the skylight, and that will be
done here. Since Mullamaa did not relate the albedo of skylight for rough
and for smooth surfaces, this too will be done.

2.2 CONTRIBUTIONS OF COMPONENTS TO ALBEDO

The ground albedo, as used here, is defined as the ratio of the
upward flux of radiation that is reflected from the surface of the water
(or ground) to the downwardflux that is incident on the surface. The upwé.rd
flux does not include the upward radiation that comes from below the surface
of the water, or the underwater light. The albedo defined here is sometimes
referred to as "surface loss"”. The total albedo ()\o) can be considered as
the sum of the a.lbedos of components of the radiation field, if each com-
ponent albedo (k ) is weighted according to its rela.tive contribution ‘Fi
to the total downward flux of radiation ('F):T

A (T k) = E[‘Fi('fl; uo)/‘FF(Tl; uo)] A(T5 k) (1)
t

i T3

(T ) = T;;

The flux and albedo of each component depend on the total normal optical
thickness of the atmosphere (T ), and on the sun's zenith angle e , where
8, = cos -1 K, The superscript F indicates t“l:\;t the total flux (‘FF) is
calculated for the Fresnel model. The flux F is also tbe gioval yadiaticn

for the Fresnel model.



The radiation field is usefully separated into the direct sunlight,
which is attenuated by scattering as it passes through the atmosphere, and
the diffuse radiation, which is radiation that is scattered out of the
direct sunlight. Fluxes and the albedo that apply to the direct sunlight
will be given the subscript or superscript one. The diffuse radiation can
be separated into two more components. The most important component for the
Fresnel model is the one which reaches the ground without having been re-
flected from the ground previously. This component will be called the
unreflected skylight, since it is not reflected from the water until it
reaches the water surface for the first time. The fluxes and albedo of
the unreflected skylight are designated by the subscript and superscript
two; for example, 1F2 denotes the upward flux of unreflected skylight
that is reflected from the water surface only once. The second component
of diffuse radiation has been reflected from the ground or water surface
at least once, and then is scattered back down to the ground by the atmos-
phere. This component will be called the reflected skylight. The fluxes
and albedo of the reflected skylight will be designated by the subscript
and superscript three. The reflected skylight will be shown to make a
small contribution to the total albedo. The unmodified word skylight
refers to the diffuse radiation that includes both the unreflected and
reflected components. The term skylight is synonymous with diffuse
radiation. The albedo and relative flux of each component of Eq. (1) will
be discussed.

The albedo of the direct sunlight at a smooth water surface is
computed according to the Fresnel law. This albedo is given as a function
of the angle of incidence, which is equivalent to the solar zenith angle
(§), in Fig. 1. The total specific intensity (I) of the incident radiation,
which is unpolarized is assumed to be one unit for Fig. 1. The intensities
of the reflected radiation are given for the parallel component, perpen=-
dicular component, and sum of the two by Ig,&’ Ig,r’ and Ig, respectively.
The numerical walue of Ig equals the albedo of the sunlight. Twice the
values of I and of I equel the albedo if the incident radiation were

g4 g,r *
totally plane polarized either parallel or perpendicular, respectively, to

the sun's wvertical plane.
-5
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The ratio of the flux of direct sunlight (‘Fl) to the total flux
(*F') 1is shown in Fig. 2. This ratio is shown for each of the optical
thicknesses for which the computations were made and for approximately
five values of “o = cos eo, whose limits are 0.05 suo < 1. The data
indicate that the direct solar flux makes the largest contribution to
the total downward flux at the ground, if ‘tl
mately one. Then of course the diffuse flux exceeds the flux of direct
sunlight if Tl sec eo > 1. Another interesting result is that the com-
puted values have a small scatter about a line, which is located in Fig. 2

by eye.

sec 90 is less than approxi-

One can show that the ratio ‘Fl/ vl depends only on T,
Tl sec eo is small. To do this, consider the simpler Lambert model instead
of the Fresnel model. The downward fluxes of global radiation at the
bottom of the model atmospheres are the same within a few per cent for the

two models. The ratio of the direct to the total flux :I.s:7

sec eo, when

‘Fl(‘l'l,uo) ) 2 (l - l05(11)> e-Tl/uo

‘FL(T]_:PO) ) (:Y‘L(Tl, p'o) + Yr(Tl) “’o)]

(2)

The new functions introduced in this equation are defined in reference T.

Deirmendjian and Sek:era.7 show that for primary scattering the following
relation holds:

Yty - T
: 1_) "2’?=e‘1/uo+z£ (3)
1 -2As .
0

o

If Eq. (3) is substituted into Eq. (2), then

‘Fl(rl’ ko) ' PR § 1 fy (4)
1T, .= T T Ju_ “2u
F"(Tl, uo) 1+ L el’o ‘o ie)

A,

if Tl/“o <«<1l.
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Figure 2. Ratio of direct solar flux to total flux at ground of
Fresnel model as a function of Tl sec eo.




Hence, the ratio of the direct solar to the total flux depends only on the
parameter Tl sec eo’ when it is small. Of course; if Tl sec eo is small
enough, the functional dependence is linear.

The empirical fact that the ratio ‘Fl/ vl depends essentially on

the one parameter T. sec 90 , even vwhen it is large, instead of two parameters

1
T, and sec eo, is curious. The characteristics of the diffuse light falling

oi the ground depend on 'rl and sec eo separately. The diffuse intensity is
relatively weak towards the zenith and relatively strong near the horizons
at small optical thickness; the reverse is true at large optical thickness?’
Th]e-apolarization of the diffuse light depends strongly on eo and also on
1 Nevertheless, the fluxes of diffuse radiation times sec eo that leave
the top or bottom of either the Fresnel or lLambert models depends essentially
on T. sec 9 , but not exactly. Where more than one value of the ratio
/J[FF is plott.ed for one wvalue of Tl

of the ratio occurs at the smallest Tl.

10

T

sec e , on Fig. 2, the smallest value

The reflected skylight makes a negligible contribution to the total
albedo of the Fresnel model. The albedo of this component (kg) is less than
0.16 for the optical thickness within the limits 0.02 < Tl < 2.00. Also
the relative contribution to the total downward flux is small. Figure 3
shows that the fraction of total downward flux (LFF) that is contributed
by the reflected component (lF3) is less than 0.0k, if the sun is at the
zenith, and increases, but remains less than 0.10, when the solar zenith
angle increases to e = 84°. The contribution of the reflected skylight
depends essentially on two factors: 1, the albedo of the direct sunlight
and unreflected skylight and 2, the fraction of this reflected radiation
that is scattered back to the ground by the atmosphere, which depends on
the reflectivity of the atmosphere. If the solar zenith angle @ < 65°,
less than 10 per cent of the incident flux is reflected by the water
(Fig. 9). The albedo exceeds 10 per cent, if both 8, > 65° and T, < 0.6.
However, under these conditions the reflectivity of the atmosphere is
small, as will be demonstrated with Figs. 4 and 5.

The reflectivity of the atmosphere for illumination at the base

is defined as the inverse 1a
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atmosphere to the flux of this radiation that is scattered back down to

the ground by the atmosphere:

‘F3(Tl; uo) * [tFl(Tl; uo) + th(Tl; uo) + 117’3(1]_; “o).]‘ The reflection of
both direct sunlight and skylight are accounted for. The reflectivity of

the atmosphere for the Fresnel and the Lambert models are given as a function
of optical thickness and for eo = 60° in Fig. 4. The atmospheric reflectivity
of the Lambert model increases as Tl increases, since the nature of the
illumination into the base of the atmosphere remains constant; that is the
upward illumination is unpolarized and isotropic. The atmospheric reflec-
tivity for both the Lambert and Fresnel models approaches one as Tl - o,

The atmospheric reflectivity for the Fresnel model exceeds that of the Lambert
model when eo = 600, because relatively more radiation enters the bottom of
the atmosphere of the Fresnel model at large zenith angle than at small zenith
angle. This fact will be demonstrated later on Fig. 7. The longer the optic;al
path of radiation through the atmosphere, the greater the probability that it
will be scattered back to the water. The reflectivities for the Fresnel and
the Lambert models are shown as a function of solar zenith angle for Tl = 0.15
in Fig. 5. The Lambert reflectivity is independent of solar zenith angle.

The atmospheric reflectivity for the Fresnel model increases as eo increases,
since the intensity of radiation leaving the water at large solar zenith
angle increases. Other computed data not given here show that the reflec-
tivity of the atmosphere of the Fresnel model always exceeds that for the
Lambert model when the optical thickness lies in the range 0.05 < T. £ 2.00,

= 0.05 (8, < 18%).

except when the sun is near the zenith at T ] '
In order to show the contribution of zones of the sky to the albedo
of skylight, the cumulative downward and upward fluxes of skylight at the
surface of the water are shown as & function of u = cos @ in Figs. 6 and T.
All the total cumulative fluxes are normalized to one. Figure 6 shows the
cumulative fluxes for small and for large 60 at Tl = 0.15. The cumulative
downward flux for large zenith angle exceeds that for small 90, except
where ¢ = 0.0 and 1.0. Consequently, the ratio of the total intensity of
skylight from near the horizons to that from the zenith is greater at the
larger sclar zenith angle (eo). It does not nécessarily follow that the

comilative 1imuard
c Clve upwara

AL s Aty

flux will also be greater at the larger eo" because the

-13 .
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reflectance of the diffuse radiaticn depends on its polarization. However,
1= 0.15, the cumulative upward flux is greater at the
larger 90. Curves of upward cumulative flux for both small and large eo

in the case of T

show that at least one-half of the upward flux occurs for p < 0.26, or
0> 750. It should be remembered that if a spherical model were used
instead of a plane-parallel model, the intensity of the skylight from near
the horizons would be different. The large contribution to the upward
flux of diffuse radiation by reflected skylight leaving the water at large
zenith angles has an important bearing cr the computation of the albedo

of rough sea surfaces. It is difficult to compute the reflectance of
light incident at a large angle on a rough sea; because of multiple
reflections on the water surface and because part cf the surface is

shaded by other elements. A small error in the reflection coefficient for
radiation incident at large angles could cause a large error in the albedo.

The cumulative fluxes of diffuse radiation are shown for small and
large optical thickness when 8 = 60°. The larger value of the cumulative
dowvnward flux at the smaller optical thickness occurs because the sky is
brighter than the zenith at Tl = 0.02, and the opposite is true at Tl = 2.0.
Eighty per cent of the upward flux for T = 0.02 but only one-half of that

for Tl = 2.0 occurs for zenith angles greater than "{OO.

The relative contribution to the ground albtedo by each of three
components of the radiation field is shown in Fig. 8. The wvalue of the
quantity (‘Fi k(j;) * (‘FFXO), which appears in Eq. (1), is given. The total
albedo lo(‘l'l) varies between 0.06 and 0.08, as shown. The relative con-
tribution of the reflected skylight, is less than 0.06. Hence, the albedo
is determined essentially by the direct sunlight and by the unreflected
1= 0.47; the
direct sunlight dominates the total albede at smailer optical thickness,
and the skylight dominates at larger optical thickress.

skylight. The curves for these two components cross at T

The total albedo at the ground for the Fresnel model is shown in
Fig. 9. The total albedo is less than 0.10 if the solar zenith angle
60‘ < 650 and also if 'rl > 0.6. The total albedo becomes large at small
tical thicknese and large 8 . The total ground ailbedos for the Lambert

= et
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model are assigned the same values that appear on Fig. 9.

2.3 POIARIZATION

The effect of polarization on the albedo of the skylight at the water
surface will be discussed for the Fresnel model in this section. Either
the incident or reflected diffuse flux of radiation at the water surface is
computed from the total specific intensity (1) by the following equation:

2n
t 1
(5 m) = So S: I(T5 My @ Koy @) B dgde (5)

where the double arrows indicate that both upward and downward radiation
are represented. Since the intensity can be expressed as a harmonic series
in the azimuth difference of P - @ the flux depends only on the azimuth-
independent intensity H (o) (Tl; M uo).

N1"(11; k) = 2n Sl “I(°)(Tl; Wy b)) Bodu (6)

O

The azimuth-independent intensity can be separated into two components
parallel and perpendicular to a local vertical plane:

(o) _ (o) , (o)
I = I, + I (N
When Eq. (7) is substituted into Eq. (6), the latter can be expressed as
Me(rys ng) ="y ng) + LT ) (8)
where
My () = St ) (rs s ug) b 9)

The upward intensities a.re related to the downward intensities by
means of the following equations: 10

-19 -



¢ (0) , (o)
I, (75 #) =R@) "I, (755 m) (10)
tIg’)(fl; W) = ) R () ‘(5 w) (1)

vhere the reflection coefficients R and qu are defined for the Fresnel
model in reference 10. If Eq. (10) and (11) are substituted into Eq. (9),
the equations for the upward components of diffuse flux are:

tF‘L(Tl; Ko in a%(u) R() ‘Iio) (15 0, B ) 1 du (12)

t . (0) . .
F (T3 1) = 2n S: R(u) "I (T)5 By B )0 du (13)
The albedo of the diffuse radiation, or skylight, is defined as the

ratio of the reflected to the incident downward flux of diffuse radiation.
This albedo can be expressed in terms of the 1l- and r-components by using

Eq. (8):

'F ; tF ;
kg- ( L(Tl uO) + I'(Tl L‘O) (lll-)
P 15 B

TR =

where the superscript 4 indicates the albedo of diffuse radiation. Equation

(14) can be expressed in the following form:

‘F (1‘ HEY ) F (T I )
d 41" "o 4 1l” "o
A 3 2 c————————— 3 ————

O(Tl uO) ‘F(Tl; “‘o) )\o (Tl MO) ' ‘F(T > 0) ° ’

where

4 r



that is, k: and x;' represent the albedos of the 1- and r-components,

respectively, of the total diffuse flux. According to Eq. (15), the
albedo of diffuse radiation, or of skylight, equals the sum of the albedos
of the 1- and r-components, when they are weighted by their relative
contribution to the total downward flux of diffuse radiation.

An expression will be derived for the albedo of the skylight, when
the polarization of the skylight incident on a smooth water surface is
neglected. Let such an albedo be defined by the equation

Ag’n (15 1) = ' (T k) / ‘e (T 8) (x7)

where the superscript and subscript n indicate that the polarization of the
skylight incident on the water is neglected. The equation for the upward
flux of reflected light is

2
7 (x5 ng) = 2x i rG) B [ 0,0 ¢+ )
‘If.o) (v 15 1) ]udu

If Eqs. (12) and (13) are substituted into Eq. (18), then the expression
for tFn becomes

(19)
(s wg) = Pl u) 4w i RG) [2 - fw ] Q0w )

where

tQ(o) - llgo) - tIS‘o) E o . (20)

Equation (19) states that if the pola.riza.tion of the incident skylight is
neglected, the flux of reflected light ( F ) equals the flux of reflected
skylight for the Fresnel model ( F) plus the integral that appears on the
right-band side of Eq. (19). The T.erm in brackets in the integrand is
greater than or equal to zero; 1 - q 2 0. If the skylight is neutral,

- 21 -



Q(°)= 0, and 'F = 'F . Otherwise, 1F can be greater or less than the

flux of reflected diffuse light for the Fresnel model F) because of
Eq. (20).

The downward flux of diffuse light at the water surface may be
related to components of the radiation field by the following equation:

*Fn('fl; k) = ‘Fz('fl; w) o+ ‘F3 (T m)) o+ (21)

ln
32(15“0) +

¢ .
F§’3(Tl’ uo)

The components of the diffuse radiation field that were introduced in
3

Eq. (1) are subdivided again in Eq. (21). F, is the flux of unreflected

skylight. The sumof ‘P, = ‘F. . + ¥ _ + ‘¥ _ is the flux of
3 3,1 3,2 3,3
radiation that has been reflected from the water at least once, and then is
scattered back down to the water by the atmosphere above it. ‘F3 1
2
11'"131 2 refer to the direct sunlight and skylight that has previously been
2
reflected from the water Just once. ‘F’? refers to the component that has

2
been reflected from the water more than once.

The flux l'l"'n was not computed; but it approximately equals the flux
of skylight for the Fresnel model ( ‘F) . The relation between the Fresnel
flux and its components is

1‘r"('fl; ko) = ‘Fz(fl; uo) + ‘F3,1(115 uo) (22)

+‘3 (t55 1)

3

where l1" and F correspond to Fn and ‘F » respectively, but have
S B N Tt

-t .v—.lue— > o A A

5 in 6‘7“‘5*5"-' make emall

x3, i 3,377 "3,2 7 73,37
contributions to Egs. (21) and (22), respectively, since the albedo of the
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diffuse light is less than 20% for Tl 2 0.02, and part of that reflected
radiation is lost from the top of the atmosphere. Hence, lI"n will be re-
placed by 117 in Eq. (17) to obtain the following approximate expression for
the albedo of skylight when its polarization is neglected:

S CFER I NCIPRRRYA JCOF NS (23)

The reflection coefficients times cos 9, or the weighting factors for
the incident intensities that appear in the integrands of Egs. (12), (13),
and (18) are given in Fig. 10. The weighting factor for the r-component is
largest and least for the l-component. The neutral weighting factor equals
the average of the other two. The incident intensity at large zenith angle
(o = 80°) is weighted most heavily.

The 1- and r-components of the azimuth independent intensity of
skylight falling on the ground are given in Figs. 11 and 12. The skylight
includes both the unreflected and multiply reflected components. However, the
multiply reflected component makes a relatively small contribution. When the
sun is at the zenith (Fig. 11), the l-component decreases from the zenith to
the horizon, whereas the r-component increases strongly. One expects such a
distribution of intensities from considerations of primary scattering. When
the sun is near the horizon (Fig. 12), on the other hand, the l-component
increases from the zenith to the horizon, and the r-component does not

increase as much.

The albedosg of the different components of diffuse radiation are given
in Fig. 13. The albedo is smallest for the l-component and largest for the
r-component. The total albedo when polarization is taken into account (Ag)
lies closer to the r-albedo at smll solar zenith angle and closer to the
l-albedo at large 9 » because the relative downward flux is greatest (least)
for the r-component at small (large) 8., @5 can be deduced from Figs. 11 and
12. The albedo A dn computed from Eq. (23) when the polarization of the
skylight is neglected. If 1 B is compared with xd, Xd’n is 22 per cent too
small when eo = 0 and about 13 per cent too large when e 853. The reason
that )\g’ < l when 8, is small is that Q o) < 0 (Fig. 11_); and as a conse-
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quence, 1Fn <'F (Eq. 19). On the other hand, )\:’n

because Q(O) >0 (Fig. 12) and 'Fn > ' (Eq. (19)) .

The albedos XS and k:’ % are shown as a function of optical thickness

in Fig. 14. The absolute difference in the two albedos is less than 0.005
when eo = 60°. The difference increases to as much as 0.03 when the sun is
at the zenith. However, the larger difference has a small effect on the
total albedo of both the diffuse skylight and direct sunlight (10).

d
> )‘o when eo is large,

In order to see what effect neglect of the polarization of skylight
has on the total albedo of both direct and diffuse light, separate Eq. (1)
for the total albedo into two terms:

e
“_lgq‘fflg (24)

° 4

where the first term on the right-hand side of this equation applies to the

direct sunlight and the second term applies to the diffuse light. Define an

albedo Ao that is computed by neglecting the polarization of the skylight,
which can be done by substituting the approximate albedo of Eq. (23) into
Eq. (24):

- + 7 (25)
R | . 2

+ & (26)

An expression for the relative difference in the albedo is obtained by
substituting Eq. (26) into Eq. (24), subtracting Eq. (25), and dividing by

T S R (27)
A A LF
o O ¥
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Equation (27) was used to compute the relative differences in the albedo that
appear in Table I. The relative difference is largest at optical thicknesses

of Tl = 0.50 and 1.00, where the relative difference is less than 15 per cent.

TABLE I

Relative difference in total albedos when polarization of skylight
is taken into account and vhen it is neglected; Eq. (27).

>‘o - A,

11 e0 lo
0.02 75.5° - 0.012
60.0 - 0.001
25.8 0.012
0.05 84.3 - 0.011
60.0 - 0.003
8.1 0.03k
0.25 81.4 - 0.054
60.0 - 00018
0.0 0.099
0.50 60.0 0.036
8.1 0.122
1.00 84 .3 = 0144
‘ 60.0 - 00053
0.0 0.129
2.00 &b3 - 0-037
60.0 - 0.036
0.0 0.092
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The total albedo )‘o is less than 0.1 where the relative difference exceeds
10 per cent (see Fig. 9). When the data in Table I and Fig. 9 are combined,
the absolute error in the computed albedo that neglects the polarization of
the skylight is less than 0.0l (e*F/ ‘F* <o0.01).

2.4 COMPARISONS WITH OTHER DATA

Mu].la.ma.la did not compute the albedo of skylight for the Fresnel

model, which has a smooth water surface. In order to relate Mullamaa's
computations of albedo of skylight at a roughesea surface and those for the
Fresnel model, let the skylight be separated into two components: the
unreflected ('Fa) and reflected (’F3) skylight. The albedo of skylight
has been introduced by Eq. (14), which can be rewritten in terms of the two
components that are indicated by Egs. (21) and (22):

1 t }
la=(Fz+F3) . ¥, 2 . 3,3
b o (o)
° F 3 F

Mullama. neglected the reflected skylight; that is ‘F3 = 0. As a result,

k is the Mullamass albedo data for rough sea surfaces in Fig. 15. The

a.lbedo ). is used for a smooth sea surfhce in Fig. 15. The relative difference
between the two albedo data )\ and k for a smooth sea surface are shown to

be less than a few per cent in Table II.
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TABLE II

Albedo of unreflected skylight (xg) and of skylight ( xg) for
Fresnel model.

Tl eo
0.0° 25.8° 145,6° 60.0° 15.5° 84.3°
2 da 2 a 2 d 2 da 2 d 2 d
lo lo 10 Xo )‘o )‘o ko )‘o ko xo )‘o Ag
0.05] 0.148 0.148| 0.146 0.146] 0.143 0.143| 0.1kl 0.141| 0.139 0.140/0.137 0.139
0.10 0.126 0.127] 0.123 0.125
0.15} 0.127 0.127}0.124 o0O.124{| 0.120 0.120| 0.116 0.117{ 0.113 0.114/0.108 0.110
L
The albedos of skylight at smooth and at rough sea surfaces is shown in
Fig. 15. The two sets of data will be compared for ‘l'l = 0.10. The albedo of
the smooth sea surface was not computed for 90 < 60° at ‘Il = 0.10. Hence, curves

one and three for ‘l'l = 0.05 and 0.15, respectively, are
bracket the one for T

near the surface is 2 ms-l.

1= 0.10.

glven since these curves
Curve 4 shows the albedo when the wind speed -
In this case the standard deviation of the slopes

of the water surface is 50. A comparison of curves 2 and 4 shows that a slight

roughening of the surface makes a significant difference in the albedo of the
skylight. The albedo of the smooth surface is 0.04 higher when eo = Oo, and
the albedos of the rough and smooth surfaces are comparable when eo = 70° - 800.

If the wind speed increases from v = 2 ms ™t

decreases about 0.02 for all eo. An increase of wind speed to v = 10 ms~
causes only a slight additional change in the albedo.

for wind-roughened and smooth seas.

AQ’

tov=>5 msal, then the albedo
1

The total albedo of both skylight and direct sunlight will be compared

Mulla.nra.a.l:2

computed an effective albedo

which included the upward flux of underwater light through the sea surface.

If the same correction for the underwater light is made for the Fresnel model,

£ the total slhedo A by
o %

Y - . a
the effective albedo A, can de expressed in tex
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the expression

Ao + 0.024

A= (28)
1.024

The relative difference y between the albedos for rough and smooth seas is

e

Ag - Ny

y= (29)
A

Equation (29) was used to compute the relative differences that are given in
Table III. The absolute value of the difference is less than 0.25 if either
8, < 66.4° or 1 T, = 0.50. When the relative difference is less than 0.25,
the effective albedo is less than about 10 per cent. In this case the absolute
error in the effective albedo is less than 0.025. Since the albedo of a
smooth surface is much easier to compute than the albedo of a rough sea

surface, it would be advantageous to assume a smooth surface for some studies.

TABLE III

Relative difference between effective albedo of wind-roughened
and smooth seas. The tabulated values are computed from Eg. (29).
AQ is taken from ref. 12, Table Al10O; wind speed v = 10 ms™ .

Sun's zenith angle in degrees

T 0.0 23.1 36.9 53.1 66.4 78.5 84.3

1
0.02 0.00 -0.02 0.14 0.09 -0.19 -0.% -0.72
0.05 =0.02 -0.0L4 0.02 0.06 -0.20 -0.54 -0.38

0.10 -0.06 -0.06 0.07 0.04 -C.23 =0.%0 =0.55
0.25 =0.14  -0.14 0.02 -0.01 -0.21 -0.39 -0.32
0.5 -0.19 -0.18 -0.05 -0.0k4 =0.15 -0.22 -0.06

Neumann and Hollman 16 have computed the effective albedo from measured
upward and downward fluxes at the sea surface and related it to the measured
ratio of diffuse to total downward flux of radiation at the sea surface. Their
measurcments were not restricted to times when no clouds were visible in the
sky. Also, the measured upward flux that they used to compute the albedo
included both the radiation reflected from the surface and the underwater light.
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The straight lines that they fitted to effective albedos that were computed
from measured fluxes are reproduced as dashed lines in Fig. 16. The con-
tinuous lines give the computed albedo data for the Fresnel model, where the
undervater light was excluded. When the solar zenith angle is small (eo s 2%,
the measured and computed data indicate that the underwater component is weak.
However, the data indicate that the underwater component becomes large at

large solar zenith angles. The data on Fig. 16 can be used to compute the
upward flux of underwater light through the sea surface.

The fraction of the downward flux of radiation that is transmitted
through the water surface and then is reflected back up through the surface
from the depths of the sea is given by the following expression:

'y

= m (30)

where tU is the upward flux of the radiation from below the water surface and

passes through the surface, 1' is the total albedo, or surface loss, and

‘Fm is the measured downward flux of radiation at the top of the sea surface.
All these quantities depend on the sun's zenith angle, radiation wavelength,
state of the sky, roughness of the sea, and nature of the sea water. The
measured albedo data on Fig. 16, vhich is contained in reference 16, will be
used for computing B. However, reference 16 does not give the values of k'
and 1Fm that appear in Eq. (30). Hence, these quantities will be a.pproximted.

The measured downward flux of radiation at the water surface will be
/ ’ \
approximated by the computed value for the Fresnel model \lF'F (‘rl; uo)). The

measured flux can be expressed as the sum of components, as was done in Eq. (1):
. - . ) } t
‘F]n(-rl’ uo) = lFl(Tl, p'o) + FI; + Fx; + Q U (31)

vhere the successive quantities on the right-hand side of the equation
represent fluxes of direct sunlight, unreflected skylight, reflected skylight,
and the fraction (@) of the underwater light that is scattered back to the
water by the atmosphere. Only the flux of direct sunlight ('F,) depends just

‘r .
on eo and 1
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The flux of unreflected skylight (&F!;) depends on the aerosol content of

the atmosphere and on eo. Aerosol particlesaha.ve an appreciable effect on
the downward flux of skylight at the ground. The data in reference 8
indicate the relative difference in the flux of unreflected skylight at the
ground for turbid and Rayleigh atmospheres of the same moderate optical
thickness may be as much as 0.2; that is |1F1!21 - ‘Fz | + '* <0.2. An
estimate of the importance of the downward flux of reflected skylight

is given by the matio &Fa to the total flux downward flux (‘FF) for the
Fresnel model. The data on Fig. 3 show that ‘F3/‘FF < 0.1. Therefore, the
flux of reflected skylight ( ‘F‘l;) that is associated with the measured fluxes
would also make about the same contribution to the total downward flux (‘Fm)
in Eq. (31). Measured values of the flux of underwater light ('U) are about
0.05 of the total downward flux (‘F';m)G’l7 ; also, the reflection coefficient
of the atmosphere for the underwater light is not more than one (0 s a <1).
Hence, the total relative difference between the downward fluxes for the
earth's atmosphere and for a Rayleigh atmosphere is given by the following

expression:
¥ - <1l - m e 1Y - YR v alu

< 0.2'%F + 0.1'%" + 0.05'

1“”‘?; el <0.2 % + 0.15 (32)

The rough error estimates that have Jjust been made have been substituted into
this expression. Accordingly, the relative error varies from 0.15 if the flux
of diffuse light is zero (‘F = 0) to 0.35 if no direct sunlight reaches the
water surfaces, or ‘F = ‘Fm. The measured downward flux at the water surface
will be equated to the wvalue that is computed for the Fresnel model plus a

correction el, which will be neglected:

‘Fm('tl; go) = ‘FF(_T:L_; uo) + &, = ‘FF (33)

-
L
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The measured upward flux of radiation at the water surface is equal
to the sum of the surface loss )\(; ‘Fm and the flux of underwater light:

s u) = W) + T (34)

The albedo 1(; depends on the sea's roughness; but as has previously been
stated in the discussion of Mullamaa's computations, the albedo of a sea
surface is insensitive to the roughness, if eo < 600, v <1l5 ms'l, and

1‘1 £ 0.50. Hence, the true albedo )‘8 will be equated to the albedo of the
Fresnel model xo plus a correction 62, which will be neglected:

x¢;=l+gél (35)

If Eq. (35) is substituted in Eq. (34), an approximate expression for the
total upward flux at the water surface is

ty (36)

¢
'Fm(.tl; p'o) = lo(Tl‘: uo) 17‘m('tl; p'o) +
The effective albedo, which is computed from measured fluxes, is
defined as

t
N (37)
) R

If Eqgs. (33) and (36) are substituted in Eq. (37), the expression for the
messured albedo becomes

Ay 4Ty
Xz(fl; llo) = = ‘FF-’- (38)

This equation yields the following expression for the flux of underwater
light:

e 2 - beF (39)

- 38-



When Egs. (33), (35) and (39) are substituted in Eq. (30), an approximate
expression for the ratio of the upward to downward fluxes that pass through
the water surface is ‘
}‘lg -
B = —— (40)
1l- l‘o

This relation was used to compute the values of p that appear in Table IV.
Table IV contains values of B that are computed from albedo measurements

of Neumann and Hollman at Long Island Sound.l6 Their measured values of the
albedo (l!:) have already been presented in Fig. 16. The values of A,
depend on the optical thickness of the Fresnel model. The optical thickness

TABIE IV
The ratio B of Eq. (L40).

90 ratio of diffuse to total downward flux
0.2 0.7 1.0
22.6°  (0.003) (0.002) 0.006
44,9 0.012 0.003 0.006
55.8 0.009 0.004 0.006
66.9 0.056 0.014 0.006
T3.4 0.063 0.023 0.006

of the Fresnel model was determined for a particular palr of the solar zenith
anglé eo and of the ratio of diffuse to total flux from Fig. 2. Two-tenths is
the smallest ratio of diffuse to total flux for which B was computed in

Table IV, since this ratio is the smallest value for which the albedo )\2 was
measured at large solar zenith angle. The values of B in parenthesis were
computed using Mullama.'slz values of albedo for a wind-roughened sea surface
(wind speed v = 10 ms-l) . The corresponding values of albedo (10) for the

el mocdel of cmocth weter are slightly higher and result in negative

values of B. If Mullamaa's albedo data (xc) for wind-roughened surface
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(v =10 ms'l) are used to determine B when the ratio of diffuse to total
flux is 0.2, the resulting values of B are higher than those that are not
in parenthesis. For example, if §_ = T73.4°, A, = 0.16 for the rough sea
surface; and as a consequence, 8 = 0.08. The tabulated data indicate
that B increases with increasing solar zenith angle, when the ratio of
diffuse to total flux equals 0.2 and O.7. Also, when the ratio of diffuse
to total flux is either 0.2 or 0.7, B is smallest at a given eo when the
ratio of diffuse to total flux is largest. When no direct sunlight reaches
the water, B = 0.006.
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3. NEUTRAL POINTS
3.1 BASE OF ATMOSPHERE
3.1.1 General

The diffuse radiation falling on the ground or leaving the top of
the atmosphere of a lambert or Fresnel model is polarized. The degree of
polarization is zero in a few discrete directions. These directions are
referred to as neutral points, since the polarization vanishes there. The
degree of polarization (P) of a pencil of radiation is defined in terms of

the Stokes parameters I, Q, U, and V as /
1/2

[QZ(T; W, @) +US(T; u, @ + ve(t; u, 9 ] (41)

I(7; u, @

P(T; u, 9) =

(k2)
U = Q arc tan 2y

The angle ¥ is measured clockwise from the l-axis; which lies in the
meridiomal plane, to the plane of polarization.

A neutral point occurs if, and only if, Q = U = O, since V = 0 for
the lambert and Fresnel models. Neutral points occur for a few discrete
pairs of u, ¢ at a given solar zenith angle and optical thickness. The
computations were made only for discrete values of i, ¢, which in general,
did not coincide with the neutmal point directions. Hence, in this research
the neutral points were determined by the graphical intersection of the
U- and Q- lines that represented the zero values.

The parameter U = 0 in the vertical plane of the sun for either
case of the diffuse light falling on the ground or flowing outwards from the
top of the atmosphere, if the inclinmation of the plane of polarization is
symmetrical with respect to the vertical plane, as it is for both the Lambert
and Fresnel models. In these cases it is customary to define the degree of

polarization in the sun's vertical plane as

_



I +1 (43)

The plane of polarization is either perpendicular or parallel to the sun's
vertical plane, and the degree of polarization is said to be either positive
or negative, respectively. The neutral points in the sun's vertical plane

occur where P = 0, of course.

A new, more general definition of the Babinet and Brewster points
will be given in order to simplify the discussion of them for the Fresnel
model. A schematic representation of these neutral points for the Lambert
model is given in the right-hand side of Fig. 17. These two points lie
in the sun's vertical plane. The neutral point that is observed between the
sun and the zenith is called the Babinet point. The neutral point that is
observed between the sun and the near horizon is called the Brewster point.
However, as the sun rises above the horizon, the computed Babinet position
for the Fresnel model moves from above the sun, crosses it, and then
appears below it, when the optical thickness of the atmosphere is less than
about 0.25 (rl < 0.25). On some occasions this Babinet point is the only
neutral point between the sun and the near horizon. When the Brewster
point appears, it is always below the sun; and in addition, the Brewster
point always lies between the horizon and the Babinet p-oint. A more
general definition of these neutral points can be made with respect to the
sign of the polarization, instead of using the sun as the reference. The
new definition will be that the degree of pclarization is positive between
the zenith and the Babinet point; +the degree of polarization will also be
positive between the horizon and the Brewster point. As a result, the
polarization is negative between the two points, when the Brewster point is
present. If no Brewster point is present, the polarization is negative
between the Babinet point and the near horizon. This new definition does
not change the identification of previously measured neutral points and of
those computed for the Lambert model.
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Figure 17. Schematic representation of neutral points at base of
atmosphere of Lambert model.
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The diagram on the left-hand side of Fig. 17 indicates the two
neutral points that occur in the lambert model, when the solar zenith angle
is large. The two points lie in the vertical plane of the sun. A Babinet
point lies above the sun in Fig. 17; but according to the new definition
Just given for it, it can occur below the sun in the Fresnel model, since
the Babinet point occurs where the positive polarization that extends from
the zenith becomes negative. An Arago point lies about 20° above the anti-
solar point; the exact position depends on the model, optical thickness,
and solar zenith angle. As the solar zenith angle decreases, the Arago
approaches the horizon nearest to it, and reaches the horizon when the
solar zenith angle is roughly 90 = '.700.

3.1.2 Computed Data

The computed neutral poinis for the lambert model follow the schematic
representation. These neutral points lie in the sun's vertical plane.
Neutral point positions for the Lambert model are given by the dashed curves
on Fig. 18. The Lambert data have been given be:fi'ore:l8 The ordinate gives
the distance of the Babinet and Brewster points from the sun and of the
Arago point from the anti-solar point. The origin of the ordinate for each
set of curves that are associated with a particular optical thickness (Tl)
increases by lOo for each increase of the optical thickmess. In order to
explain the neutral point characteristics ir more detail for the Lambert
model, consider the dashed Lambert curves for Tl = 0,50. When the sclar
zenith angle is 84°, only the Babinet and Arago points are present in the
sky. The Babinet point is about 270 above the sun; and the Arago point
is about 30o above the anti-sclar point. As the soclar zenith angle
decreases, the Babinet point approaches the sun ard coincides with it when
the sun reaches the zenith. The Arago poirt disappears below the horizon
when the solar zenith angle is 6&0.. A Brewster point appears at the norizon
below the sun at the same solar zenith angle when the Arago pcint disappears.

Data on the neutral points for the Fresnel model are also given on

Fig. 18. Some of these data have been given before,l9 At T, = 1.00 the

neutral point distances are slightly smaller for the Fresnel model than for

the Lambert model. Also; the Babinet ani Brewster poin
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may move into the direction of the sun before the sun reaches the zenith. The

differences in the neutral point distances for the two models increases at
the smaller optical thickness of Tl = 0.50. The Babinet and Brewster points
for the Fresnel model do not appear in the sun's vertical plane, if the solar
zenith angle is less than 70. The neutral point differences continue to

1= 0.25. The next smaller
optical thickness at which the computations were made for the Fresnel model
was for 1’1 = 0.15. This is the largest value for which computations were
made that the Babinet and Brewster points disappear from the sun's vertical
plane at large solar zenith angle. When T, = 0.15, the neutral points

1 )
disappear from the sun's vertical plane when eo is between 670 and 73°. The

increase as the optical thickness decreases to T

Babinet and Brewster points alsoc disappear from the vertical plane when the
solar zenith angle is less than 3‘+° and Tl
of optical thickness for which computations were made for the Fresnel model
was ’l'l = 0.,10. At this and smaller optical thickness -only the Babinet and
Arago points appear and only at large solar zenith angle. The disappearance
of the Babinet and Brewster points for the Fresnel model from the sun's
vertical plane at small solar zenith angle, but before the sun reaches

zenith, is shown here for the first time.

= 0.15. The next smaller value

Figure 18 shows that the Brewster ard Arago points appear on their
respective horizons simultaneously. This event can be demonstrated
analytically for either the Fresnel or Lambert models and for either the
base or top of the atmosphere. To take one case consider the Fresnel model
and the base of the atmosphere. A neutral point occurs in the sun's vertical
plane where Q = O (Eq_s. (42) and (’-l-3)> . The equation for Q can be obtained
from reference 10, Egs. (3.4), (3.6), (3.14), and (3.33):

‘Q*(Tl; s B, Ap) = Ii°) (, w5 1)+ Dio) (bou; 1) -
(o) . (2) .
II‘ (T Hoi 1) - Dr (u, “O’ 1) +
m I:uoI‘(Ll) (u, w) + Dil) (" uo)] cos A @ -
a+u?) [@-uwd 1P, u) v 2P )]

cos 2 A Q@ A = P - 9P
- 46 -
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vhere the arrow on Q merely indicates that Q applies to downward flowing
radiation, and the asterisk on Q indicates that radiation is reflected from
the ground and accounted for. The T 1 dependence is omitted from the functions
on the right-hand side of Eq. (44). At the horizon @ = 90° or p =0, in

vhich case Eq. (44) becomes

‘Q*(Tl; 0, uo > 09 ) = IiO) (O) U'o; 1) + Dio) (0: HOS l)

Il(.o) (0, w3 1) - Df.o) (O,mgs 1) - (45)

I:(l - ucz)) Iiz) (O,p.o) + Df_z) (O,uo)] cos 2 A @

The azimuth P =P = O,x in the sun's vertical plane for radiation coming

from below the sun and from the horizon above the antisolar point, respectively.

Accordingly, Eq. (45) shows that ‘Q*(Tl; W=0,K, ¢ - ¢= 0) =

‘Q*('rl; k=0, H, P - P= n); +that is, ‘Q* is identical at the two points
vhere the sun's vertical plane intersects the horizon. In particular,
‘Q*(Tl; H=0,u,9 -@= 0) = 0, when the Brewster point is at the
horizon; simultaneously, the Arago point is at the other horizon, since
‘Q*(‘fl; =0k, ¢ -¢=n = 0

The largest value of the optical thickness for which the neutral point
positions were computed was Tl = 2,00. The neutral points for Tl = 2.00
depart from the regular pattern established on Fig. 18 and are shown
separately on Fig. 19. Neutral point characteristics for a model with zero
ground albedo and with Tl > 1.0 have been given by Dave and Furu]nsv.wa..5 The
purpose of Fig. 19 is to show that the neutral point characteristics are
approximately the same for the Fresnel and lambert models at Tl = 2, and
presumably for all larger 'rl.

A different representation of the Babinet and Brewster point distances
is given on Fig. 20. The zenith angle of these two neutral points are given
as a function of eo. The dashed line also gives the solar zenith angle. The

- - ~ -~ "’0
shape of the curve for T, = 0.15 and near the solar zenith angie of §_ = o7

1
does not quite agree with the curve shown on Fig. 18. The curve is uncertain
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since no data were computed for a solar zenith angle between 66.4° and
67.60. However, the representation on Fig. 20 seems to be more accurate:
the curve above and below the knee apply to the Babinet and Brewster

points, respectively.

When the Babinet and Brewster points merge and then disappear from
the sun's vertical plane, a single neutral point appears on each side of the
sun's vertical plane. These two points are of course symmetrical with
respect to the sun's vertical plane. The zenith angle of these two points
is slightly different from that of the sun (GO) and is given in Table VI.

The azimuth of the neutral points outside of the sun's vertical pl2ne is
shown in Fig. 21L. The neutral point for Tl = 0.50 disappears from the sun's
vertical plane only when the solar zenith angle is less than 8°. 1o compu-~
1= 0.25
appear outside of the sun's vertical plane only when eo < 20°. As shown

tational data were available for this case. The neutral points for T

before, the neutral points for Tl = 0.15 appear outside of the sun's vertieal
for two separated ranges of the solar zenith angle. The azimuthal distance
is 2.2o when eo = 700 but is much larger at smeller solar zenith angle.

The next value of optical thickness for which the azimuthal positions of the

neutral points were computed was T, = 0.05. 1In this case a neutral point

appears on each side of the sun's bertical plane when the solar zenith angle
is between 0° and 870. Hence, Fig. 21 shows that as the optical thickness
decreases, the neutral points appear outside of the sun's vertical vlane at
increasingly greater azimuth and for an increasing range of solar zenith

angle.

The interpolated portions of the curwves on Fig. 21 for small 8 are
0° and 8.10,
8.1 is

uncertain. The neutral point azimuths were computed for 90

[0}

but not for intermediate values. The azimuthal value at eo
uncertain. The difficulty of obtaining an accurate value can be explained

by showing the degree of polarization in the vicinity of the neutral point

GO is small (Fig. 22). The degree of polarization vanishes somewhere within
the dashed curve that is labeled 0.0001. This curve has an azimuthal range

of about 2°, The neutral point, which is determined by the intersection of
the zero lines of U and Q, could occur anywhere within the dashed rolarization

curve, since the data were computed for increments of 0.0l in u and of 2° in Oy G-
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Hence, the azimuthal position of the neutral point for Tl = 0.15 is computed

with a possible error of about 2° when 8, = 8.1°.

When the solar zenith angle is small, a better measure of the neutral
point position is the angle between the sun and the neutral point. Since the
neutral point lies close to the almucantor, the angle between the sun and
neutral point approximately equals the angular distance that is measured
along the solar almucantor between the sun's vertical plane and the vertical
plane through the neutral point. The angle between the neutral point and the
sun is given in Table V.

TABLE V

Angle (6) between sun and neutral point that is outside of sun's
vertical plane at base of atmosphere. ¢ - @ is the azimuthal
difference. Tl = 0.15. m = 1.34k.

% %% 6
0.0° 0.0 0.0
8.1 13.3 1.8
11.5 12.9 2.6
1.1 12.9 3.1
20.0 10.7 3.7
25.8 8.3 3.7
30.7 5.2 2.6
32.9 3.2 2.1
34.9 lies in the sun's

vertical plane

The degree of polarization and the parameters Q and U are now discussed
in order to show how these parameters change as the neutral points move outside
of the sun's vertical plane. This information is given for an optical thickness
of 'rl = 0.15. First consider the case for 90 = 80.20, when the neutral points
lie in the sun's vertical plane. The degree of polarization of the diffuse
radiation falling on the ground of the Fresnel model is shown on Fig. 23. The

degree of polarization data for this figure is computed from Eq. (41). As a
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result the values are greater than or equal to zero. The Brewster point
appears near the horizon; the Babinet point appears at u = 0.33, ¢ - ¢ = 0°,
or 9° above the sun; a double Arago point appears near the horizon and at

an azimuth of 180°. The maximum degree of polarization in the sun's vertical
plane is 0.87 and occurs about 9° from the zenith, or at p = 0.99 and

% -9= 180°. The minimum polarization for an arbitrary p occurs at the
sun's vertical plane.

The effect that specular reflection at the ground has on the degree of
polarization is shown on Fig. 24. The degree of polarization for the Fresnel
model is subtracted from that of a model with zero ground albedo. The effect
of the Fresnel reflection is to change the degree of polarization less than
an absolute value of 0.07. No unusual changes appear In the vicinity of the
neutral points. It should be noted, however, that if the degree of polar-
ization in the sun's vertical plane were given by Eq. (43) instead of Eq. (41),
the effect of Fresnel reflection at the ground would be to increase the polar-
ization of the skylight in the vicinity of the Babinet and Brewster points.

The Stokes parameter Q is shown in Fig. 25 for the model of zero
ground albedo. Neutral points occur where the zero line of Q intersects the
sun's vertical plane. No Brewster point occurs in this figure. The minimum
values of Q occur in the sun's vertical plane, and the maximum values occur
at an azimuth of about 900.

The effect of Fresnel reflection at the ground on Q is shown in
Fig. 26. The general features are the same on both Figs. 25 and 26. However,
when Fresnel reflection is present, the Babinet and Armago points are shifted
towards their respective horizons. Also, a Brewster point and second Arago

point appear.

The change in Q caused by Fresnel reflection at the ground is shown
on Fig. 27. The change is less than 0.03 in. absolute wvalue.

The Stokes parameter U is shown for the zero ground albedo model on
Fig. 28. U = 0 in the sun's vertical plane. Another zero line intersects
the sun's vertical plane slightly above the sun and again at the zenith at
an azimuth of ¢ - ¢ = 90°. Note also that this zero line is restricted to
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an azimuth less than 900.

The effect of Fresnel reflection is to make a small absolute change
in U, as shown on Fig. 29. A zero line lies in the sun's vertical plane.
A second zero line has an azimuth less than 900, but it now intersects the

sun vertical plane a few degrees below the sun.

Attention is now shifted to a smaller solar zenith angle, when the
neutral points do not lie in the sun's vertical plane. The U-data for the
Fresnel model is given on Fig. 30. A zero line still lies in the sun's
vertical plane. Another zero line intersects the sun’'s verticzl plane
between the sun and the horizon. No zero line lies outside of the sun's
vertical for an azimuth greater than 900. Hene2, no neutral point will
occur outside of the sun's verticael plane in that half cf the sky betwaen
the zenith and the ground for which the azimuth ¢ - 9> 900. The only
neutmal point on the figure occurs at an azimuth of 2.30 and at 2 zenith
distance of 2.1° below the almucantor. Of course, a second neutral point

would occur symmnetrically at an azimuth of - 2.30.

The Q-data for the same conditions are shown in Fig. 31. The zero
line no longer intersects the sun's vertical plane. The zero line comes
closest to the vertical plane where the neutral point occurs. The zerc
line does not approach closer than 20° in azimuth to that half of the
sun's vertical plane that has the azimuth of 180°.

Successive positions of the @ = O and U = O lines in the vicinity
of the neutral points are shown for increments in the positionof the sun
in Fig. 32. The sun is taken as the center of the coordinate system. The
zero lines of Q and U are given as a function azimuth and p - M. if
(VY uo > 0, then the corresponding zenith angle is smaller than that of
the sun. The smallest value of Mo for which data are given is o 0.28,

which corresponds to eo = 73.70. In this case a Babinet point occurs

il

slightly above the sun at u - Mo 0.01 and a Brewster point occurs
helow the sun at u - U = - 0.08. It is important to note that the
zero lines of U approach the sun's vertical plane at nearly a constant

distance below the sun at pu - wy = - 0.04. later, it will be shown that the

zero line of U has a different behavior on top of the atmosphere. As Ky
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increases for 0.28 to 0.30, the two nmeutral points merge and move slightly
outside of the sun's vertical plane. The zeutral point remains at nearly
the same position with respect to the sun for the rarge of “’o between 0.32
and 0.36. As By increases above 0.36, the neutral point approaches the
sun's vertical plane. At o = 0.40 a Babinet point ocecurs Jjust above the

sun, and a Brewster point occurs below the sun at u - M = - 0.06.

The degree of polarization of the skylight in the vicinity of a
neutral point that lies outside the sun's vertical plane is shown on Fig. 33.
The degree of polarization changes 0.0007 at a constant zenith angle between
the sun's vertical plane and the neutral poirt. Such a small change would be
difficult to observe instrumentally. However, the ckarge in polarization is
much larger at smaller optical thickness. For example, at approximately the
same solar zenith angle of 90 = 72.5°a.nd for Tl = 0.05, the degree of polar-
ization changes 0.05 at a constant zenith angle between the sun's vertical
plane and the neutral point. In this case the neutral point lies at an
azimuth of about 18° from the sun's vertical plane.

The computed coordimates of the neutral points for the Fresnel model
are given in Table VI.

The sensitivities of various radiation parameters to a change in the
reflection characteristics of the ground are shown on Fig. 34. The measure
of sensitivity is to take the value of a parameter for the Lambert model
minus the value of the same parameter for the Fresnel model and divide by
the wvalue for the lambert model. The absolute value of the relative differ-
ence in the total intensity of radiastion from the zenith is less than 3 per
cent if either the solar zenith angle is less than 53G or i1f the optical
thickness exceeds 0.3 (bottom portion of Fig. 34). However, the relative
difference in the intensity becomes large when the sun is btoth near the
horizon (uo = 0.1) and when the optical thickness is small. The reason
for the large relative difference in this case is that the atmosphere is
strongly illuminated from below, and a much larger fraction of this upward
flux is scattered back down to the ground for the Fresnel model than for the
Lambert model. To illustrate with a particular example, let u_ = 0.1 and
T, = 0.05. In this case the albedo at the ground is 0.k2. Th; upward flux
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point, maximum degree of polarization
vertical plane and total intensity at zenith for
Lambert and Fresnel models.
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TABLE VI

| Computed neutral point positions at bottom of atmosphere of

Fresnel model.

Index of refraction is m % 1.3%. The word

none or a blank means that the neutral point does not exist.
A dash means that the neutral point exists, but that its

position was not computed.

"1

optical solar ground
thickness zenith albedo,
Tl angle} )\O(Tl)

The value in parenthesis at

= 0.15, eo = T5.52 was obtained by extrapolation.

neutral points in sun's vertical plane
Brewster Babinet Arago

e 60-9 0 90 -0 ) 8, + 6

eO
0.05 87.13° 0.420
84.26 0.418
78.46 0.276
‘ 75:52 0.215
72.5%  0.167
66.42 0.102
60.00 0.065
53.13 0.045
45.57 0.033
36.87 0.028
25.84 0.025
18.19 0.025
8.11 0.024
0.00 0.024

0.15

87.71° 0.134
87.13 0.164
¢ 84.26  0.257

|

none - - - -

neutral points outside of sun's vertical plane

e 6, -9 9 -9

87.6° - 2.3° 9.0°
82.0 - 3.5 17.1
78.8 - 3.3 18.2
75.5 - 3.0 18.k
69.2 - 2.8 17.0
61.7 - 1.7 1&.7
5.6 - 1.5 12.6
k6.9 - 1.3 11.8
37.8 - 0.9 12.6
26.4 - 0.6 15.2
18.5 - 0.3 16.k
8.2 - 0.1 19.0

0.0 0.0 0.0

neutral points in sun's vertical plane

Brewster Babinet Arago

0 6, -6 @ eo -8 e eo + @
none 67.0° 20.8° 70.9° 158.6°

" - - T..6 158.7

" 68.1 1i6.1 76.6 160.9




Brewster Babinet Arago
T 8, A (7)) ] 8, - 8 ) 6, -8 6 o+ o
0.15 83.11 0.264 | none - - 79.1 162.2
80.79 0.253 | 89.4 - 8.6 70.2 10.6 84.6 165.4
89.1 169.9
80.21 0.248 | 89.0 - 8.8 70.8 9.4 86.8 167.0
88.0 168.2
T79.63 0.241 - - - - none
78.46 0.228 | 87.4 - 9.0 1.7 6.8
T77.88 0.220 | 86.7 - 8.8 1.9 6.0
77.29 0.213 | 85.8 - 8.5 72.1 5.2
T75.52 0.191 | (82.5) (- 7.0) 172.7 2.8
Th .34 0.176 - - T3.0 1.4
3.7 0.170 | T8.5 - 4.8 73.2 0.5
T2.54 none none
neutral points outside of sun's vertical plane
e 8, - e P -9
72.5%  0.15% | T5.0 - 2.4 0.1
T1.34 0.144 | T3.7 - 2.3 2.0
70.12 0.133 | 72.3 - 2.2 2.2
69.51 0.127 | TL.6 - 2.1 2.3
68.90 0.122 | TL.O - 2.1 2.1
68.28 0.117{ T70.3 - 2.0 1.7
67.67 C.112 | 69.6 - 2.0 0.9
66.42 none
Brewster Babinet
e 6, - © e 8, - ©
66.42 0.104 | TO.1 - 3.7 66.4 0.05
65.17 0.096 - - 64.0 1.2
60.00 0.071 | 67.1 - 7.1 56.1 3.9
58.67 0.066 - - Sh b 4.3
53.13 0.051 | 61.3 - 8.1 48.0 5.1
51.68 0.048 - - 46.6 5.1




Brewster Babinet
T 8, ()| e 8, - © ) 6, -8
0.15 45.57 0.040 52.7 - T.1 1.1 4.5
| 43.95 0.038 - - 39.8 L.2
% 36.87 0.03% | k0.5 - 3.6  35.0 1.9
| 34.92  0.033 | 37.1 - 2.2 343 0.6
32.86 none none
neutral points outside of sun's vertical plane
e 6, - © 9@
32.86 0.032 33.5 - 0.6 3.2
30.68 0.032 31.2 - 0.5 5.2
28.36 0.031 28.8 - 0.4 6.8
25.84 0.031 26.2 - 0.4 8.3
19.95 0.030 20.2 - 0.2 10.7
‘ 14.07 0.030 1.1 0.0 12.7
11.48 0.030 11.5 0.0 12.9
8.11 0.030 8.1 0.0 13.3
0.00 0.030 0.0 0.0 0.0
Brewster Babinet Arago
0 8, - © ] o - © 0 6, + o
0.25 87.13 0.095 | none 63 .4 23.8 68.2 155.4
84.26 0.162 " 62.4 2.9 T1.5 155.8
81.37 0.191 " 62.4 19.0 T76.0 157.4
78.46 0.186 " 62.3 16.2 80.9 159.4
76.11 0.171 89.4 - 13.3 61.7 b4 85.6 161.7
88.7 164.8
.34  0.157 88.5 - 1k.1 60.9 13.4 none
72.54% 0.143 87.4 - 14,9 59.8 12.7
71.9% 0.138 | 87.0 - 15.1 - -
TL.3% 0.134 86.6 - 15.2 59.1 iz.2
70.73 ©.129 86.1 - 15.4 58.6 12.

-TL =



Brewster Babinet Arago
T 8, A (7)) 8 8, -8 © 8, -6 © 6 +8@
0.25 66.42 0.102{ 81.9 - 15.5 55.0 11.k
60.00  0.073| T75.2 - 15.2 k9.0 11.0
53.13  0.055| 67.5 - 14.4 42.8 10.3
Ls.47  o.o4k4| 58.1 -12.5 36.8 8.8
36.87  0.039| 45.9 - 9.0 30.6 6.3
25.84  0.035| 29.6 - 3.8 23.0 2.8
19.95 0.035| 20.3 - 0.3 19.7 0.2
16.26 0.034| none none
neutral points outside of sun's vertical plane
0 Bo -0 P =@
16.26  0.034| 16.3 0.0 L.2
8.11  0.034 8.1 0.0 8.8
0.00  0.034 0.0 0.0 0.0
Brewster Babinet Arago
0 8, - © e 6, -6 8 6, + 8
0.% 84.26  0.078| none 27.1 57.2 66.4 1%0.7
78.46 0.114 " 24k sh.1 72.8 151.3
72.5%  0.111 " 21.4 51.2 80.8 153.4
66.42 0.092| 87.8 - 21.4 19.2 k7.3 none
60.00 0.074| 82.8 - 22.8 17.3 ha.7
53.13  0.061} T4.8 -21.6 154  37.7
hs5.57 0.052| 64.5 - 19.0 13.1 32.5
36.87 0.046| 51.7 - 14.8 10.2 26.7
25.84  0.043] 34.8 - 9.0 6.4 19.4
16.26 0.042{ 20.9 - 4.6 3.4 12.9
8.11 0.042 9.3 - 1.2 0.2 7.9
0.00 0.042 0.0 0.0 0.0 0.0




into the base of the atmosphere is six-tenths of the downward flux into the
top of the atmosphere. The atmospheric reflectivity is 0.20 and 0.C5 of the
upward flux into the base of the atmosphere for the Fresnel and lambert
models, respectively. This downward flux at the ground augments the flux of
unreflected skylight, which is the same for both models, by 0.37 for the
Fresnel model but only by 0.09 for the Lambert model. As a result, the
zenith intensity is much greater for the Fresnel model than for the Lambert
model.

The rela.pive difference between the maximum degree of polarization in
the sun's vertical plane for the Fresnel and lambert models is shown in the
center of Fig. 34. The absolute value of the relative difference is less
than 10 per cent, except when the sun is at the zenith (u.o = 1.,00) and the
optical thickness exceeds 0.50.

The neutral point characteristics that are most sensitive to changes
in the type of ground reflection cannot be compared for the two models, since
such characteristics are not present in both models for the same solar zenith
angle. For example, when the neutral points lie ocutside of the sun's vertical
plane for the Fresnel model, there is no corresponding characteristic of the
Lambert model to make a comparison with. However, the Brewster point for

B, = 0.60 can be used.This neutral point is xzcderstely sensitive to the mature of the

ground reflection. The relative difference in the Brewster point positions
for the Lambert and Fresnel models is shown on the top portion of Fig. 3k.
The relative difference approaches one at T. ~ 0.1 and is not defined for

1
Tl < 0.1, since the Brewster point dces not exist in the Fresnel model.
The sensitivity of this one neutral point paramter is comparable to or ex-
ceeds the sensitivity of the maximum polarization and of the intensity at

an arbitrary optical thickness.

3.1.3 Comparison of Measured and Computed Neutral Points

Measured and computed Arago point positions are compared in Fig. 35.
The measurements were made visually without optical filters. In order to

find the proper optical thicksess of & Rayleigh atmosphere that would.cor-

respond to the effective visual optical thickness of the earth's atmosphere,
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the Arago point positions measured over land were compared with the positions
computed for the Lambert model. Measured data by Neubergerl3 indicate an

optical thickness of 7. = 0.15. Measurements of Arago point positions at

1
A51L50A , which corresponds approximately to the wavelength of maximum visual

acuity, indicate an optical thickness of T, = 0.25.18 Hence, the computed

1
values for the Fresnel model at Tl = 0.15 and 0.25 are given in Fig. 35.
The computed Arago point distances for Tl = 0.10 would be smaller than those
shown for Tl = 0.15, but the values for Tl = 0.10 were not computed.

The measured data in Fig. 35 have been averaged for more than one
day's observations. The averaged datz dc not show the double Arago point
that is shown on the computed curves. However, measurements for a single
day have detected the double Arago point (see ref. 11 for a discussion).

Only Jensenll observed the double Arago point over a sea when haze was not
evident. The computed curves show that a double Arago point would occur over

smooth water when no haze or aeroscl particles are in the atmosphere.

The lack of agreement between the measured and computed curves at large
solar zenith ang;e (eo > 850) depends partially on the fact that the models
are plane-parallel. The agreement between the measured and computed curves
for 78O < eo < 850 may not be bad, if one realizes that the computed Arago
distances for the Lambert model are 21° and 250 (730 < 90 < 8&0) for
Tl = 0.15 and 0.25, respectively. The relatively small measured valuess for
the lske could be caused if the effective wavelength of the observed radi-
ation is shifted from the yellow towards the red part of the spectrum, where
the optical thickness is smaller; &and as 2 consequence, the Arago distance
is smaller. The roughness of the water and the aerosol content of the atmos-
phere will also be the bases for differences between the measured values and
the values computed for the model of smooth sea and Rayleigh atmosphere.

19

Sekera™” measured the Babinet and Brewster points on one afternoon
when the sun was over the sea. He found very good agreement between the
measured positions and the positions computed for the Fresnel model while

they were present in the sun's vertical plane.
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Neutral point positions outside of the sun's vertical plane seem to
have been observed only by Cornu3 and Soret;.zO High aititude air pollution
produced by the Krakatowa eruption was present during Cornu's observations.
The conditions for these observations do not fit the Fresnel model. However,
Soret made observations under conditions that had features in common with
the Fresnel model. He made neutral point observations from the shore of a
Swiss lake, which extended about 700 - 800 m in the direction of the sun.
On several occasions Soret observed in the visual spectrum that the
Brewster and Babinet points disappeared from the sun's vertical plane, when
the solar zenith angle was about 700. At the same time a neutral point
appeared on each side of the sun, in the solar aimucantor, and about 150 -
20° from the sun. Soret said that a pronounced haze lay next to the lake
and that the neutral points disappeared when the sun rose from the haze to
above it. However, the neutral point data for Tl = 0.15 on Fig. 21 indicate
that the neutral points are furthest from the sun's vertical plane when
eo = 70°, and also that the neutral points lie in the sun's vertical plane
vhen the sun is higher: 34° < 8, < 67°. Soret's obserwations indicate that
addition of low-level haze to the Fresnel model would shift the neutral
points outside of the sun's vertical plane further from the sun's vertical
plane.

3.2 TOP OF ATMOSPHERE
3.2.1 General

The neutral points that would be observed above a Lambert model
show a symmetry with the neutral points that would be observed from the
ground. This symmetry can be demonstrated with the aid of the schematic
representation in Fig. 36. The neutral points for the Lambert model lie
in the vertical plane of the sun. Two neutral points are usually present.
When the solar zenith angle (eo) is not large, one neutral point lies
between the anti-solar point and the horizon, and a second one lies between
the anti-solar point and the zenith. Neutral points one and two are given
the names of Brewsiter and Babinct points; respectively. These two points
are located with respect to the anti-solar direction by the angles ‘l’l and

Yz, as shown on Fig. 36. As the solar zenith angle increases, the Brewster
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point moves toward the horizon and eventually disappears. Then a third
point, which will be called the Arago point; appears at the opposite horizon
below the sun. The Arago distance is the angle Y3 between the sun and the
Arago point, as shown on the right-hand side of Fig. 36. The neutral point
distances on top of the atmosphere are nearly the same as the corresponding
ones of the same name on the bottom for the Lambert model, as can be verified

by comparing the data on Figs. 18 and 37.

A generalization of these definitions of the Babinet and Brewster
points on top of the atmosphere will simplify the discussion of them for
the Fresnel model. The generalization is amaiogous to the one previously
made about them for the base of the atmosphere. The Babinet and Brewster
points are restricted to the vertical plane of the sun and occur near to
the anti-solar point. If the degree of polarization in the sun's vertical
plane is positive from the nadir to the anti-solar point and from there to
the near horizon, no Babinet or Brewster points occur. If the degree of
polarization is positive in the sun's vertical plane along an arc of
increasing nadir angle (6 ) from the nadir and towards the anti-solar point
and then becomes negative at large 6 up to the horizon, a Babinet point
will be identified with the neutral point that occurs where the sign of
the polarization changes. If the degree of polarizatica is first positive
along the arc of increasing nadir angle from the nadir towards the anti-
solar point, becomes negative at a larger madir angle, but becomes positive
for a still larger nadir angle that externds to 900 , the neutral point
nearest to the padir will be called e Babinet point, as before, and the
neutral point nearest to the horizon will be called a Brewster point.

These neutral point definitions do not depend or the solar zenith angle.
Since no double Brewster points appeared in the computations for either

the Fresnel or Lambert models, no provision is made for such an occurence.

3.2.2 Computed Data

The neutral points in the s rtical plane are shown for both

sun'
the Fresnel and Lambert mcdels in Fig. 37. The neutral points for the

Lambert model have been presented previously.h The neutral point positions

for Tl = 1.00 are approximately the same for the two models. The differences
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between the neutral points for the two models increase with decreasing
optical thickness and became large at Tl = 0.25. A%t the ground the

1= 0.25 ard a% smaller optical thickness.
Hence, the neutral point characteristics on top of the atmosphere show a

differences are not as large at 7

greater dependence on the mature of the ground reflection than those at the

ground.

Neutral points for the Fresnel model and Tl = 0.15 and 0.25 are
shown in greater detail on Fig. 38. To explain the meaning of the curves
1 = 0.15. The Babinet
point is 9.7o from the anti-soclar point tcwards the radir when the solar
zenith angle is eo = 870. As the solar zenith angie decreases, the Babinet

consider just the curves for optical thickness T

point quickly moves towards the anti-solar point, ccincides with it when

90 = 82.20, and then moves away from the anti-solar point towards the cear
horizon. The Babinet point lies between the anti-solar point and the ho-
rizon when 76.6° < 8, S 82.2°. The Brewster point appears at the horizon
when = 78.5°. At the same §_the Babinet point is 6.8° from the anti-
solar point. Both neutral points are between the anti-solar point and the

horizon. As ao decreases the two neutral points approach each other and
merge when 6 = 76.6°. No neutral poin%s occur in the sun's vertical
plane for 0 < 8, < 76.6°, when T, = 0.15.

The behavior of the neutral points as they move out of the sun's
vertical plane can be explained by means of the degree of polarization and
of the U and Q Stokes parameters. These parameters are given first for the
case that the neutral points occur in the sun's vertical plane. Then these
parameters are shown for a smaller solar zenith angle, when no neutral points
occur in the sun's vertical plane. These parameters will be shown for an
optical thickness of 'tl = 0.15. The sun's zenith angle is eo = 80.2Q for
the first set of figures, when the Babinet and Arago points occur. Figure
39 shows the degree of polarization of the diffuse radiation flowing out-
wards from the top of the atmosphere of the Fresnel model. In addition to
the Babinet and Arago points, another neutral point is shown outside of
the sun's vertical plane at a slightly smaller zenith angie than 60. The
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The effect of Fresnel reflection at the ground on the degree of polar-
ization of radiation flowing outwards from the top of the atmosphere is shown
on Fig. 40. The difference between the polarization of radiation for the
model of zero ground albedo and for the Fresnel model is shown. The maximum
absolute change is 0.09, which is a greater change than occured at the ground

for the same pair of T No unusual changes at the top occur in the

e .
1’ Y
vicinity of the neutral points or of the solar image, vhich is at u = 0.17
and P - P= Oo, except at the solar image where the change 1s - 0.16k.

This value is not shown on Fig. 4O.

The Q-data for the Fresnel model is shown on Fig. 41. Three neutral
points are designated on the zero line. The changes in the Q-values for the
airlight alone, for the zero ground albedo model, that are caused by Fresnel
ground reflection are shown in Fig. 42, The changes are small and the largest
changes occur within 150 of the horizon.

The U-data for the Fresnel model are shown in Fig. 43. U = 0 in the
vertical plane of the sun. A second zero line is restricted to the side of
the nmadir where the azimuth exceeds 900. This second zero line intersects
the sun's vertical plane slightly above the anti-solar point. As the solar
zenith angle varies the second zero line always intersects the sun's vertical
plane near the anti-solar point. The neutral point outside of the sun's
vertical plane appears when the solar zenith angle is decreasing and the
Babinet point moves from between the nadir and the point where the second
U = 0 line intersects the sun's vertical plane to a position between this
intersection and the horizon. The zero line of Q, which is tied to the
Babinet point as shown in Fig. 41, intersects the second zero line of U
outside of the sun's vertical plane when the Babinet point is between the
horizon and the point where the second U = O line intersects the sun's
vertical plane. The changes in the U-data that are caused by Fresnel re-
flection at the ground are shown in Fig. 4h. The changes are not large.
The inclination of the plane of polarization is a more familiar parameter
than either U or @, and it depends on these two Stokes parameters (Eq. (hz)).
The inclination for the Fresnel model is show;x in Fig. 45. In the sun's
vertical plane, the plane of pclarizetion is parallel to the vertical plane
between the Arago point and its nearest horizon, perpendicular to the sun's

- 8
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vertical plane between the Arago and Babinet points, and parallel to the
vertical plane between the Babinet point and its nearest horizon. The
inclination ¥ is indeterminmate at the neutral points and where the two
zero lines of U intersect Jjust above the anti-solar point. The in-
climation x = = 90° between this intersection and the nadir, and x = + 90°
between this same intersection and the Babinet point.

The changes in the inclimation x that are caused by Fresnel ground
reflection are shown in Fig. 46. The lines are drawn for the wvalues of
both plus and minus O° [Zo] 100 [10°] 300, 900. The changes in the in-
clinmation are nearly zero where the degree of polarization is largest
(Fig. 39). The largest changes in the inclimation, say |ax | > 300,
occur where the degree of polarization is less than 10 per cent. The singu-
larities occur at the neutral point positions of both the Fresnei and zero

albedo models.

The next two figures will show the Q- and U-data for the Fresnel
model for a smaller solar zenith angle (eo = 69.50) , when no neutral points
occur in the sun's vertical plane. The Q-data are shown in Fig. b7, WwWith
the decrease in eo from Fig. 41 the zero line has been displaced at least
150 in azimuth from the sun's vertical plane that lies between the anti-
solar point and the nearest horizon. The effect of Fresnel reflection at
the ground on Q and U are-not shown; since the effects are quite similar
to those already illustrated in Figs. 42 and 4k for @_ = 80.2°.

The data for U are shown in Fig. 48. One zero line coincides with
the sun's vertical plane. The second zero line is restricted to azimuths
greater than or equal to 90°. Hence, no neutral point can occur outside
of the sun's vertical plane for azimuths less than 900'. The second zero
line intersects the sun's vertical plane at a nadir angle that is slightly
less than 90. In order to relate the nadir angle of the neutral point
that's found on this line and 90, consider a point to move along this
second zero line away from the sun's vertical plane. As the azimuth of
the point decreases from 1800, its nadir angle decreases, or 4 increases.
Hence, the difference between the solar zenith angle (eo) and the nadir
angle of a neutral point on the second zero line is larger, the further
the neutral point is from the sun's vertical plane.
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The effect that different components of the radiation field have on
the neutral points depends on their contribution to the degree of polarization.
The relative contributions of several components will be discussed now. The
degree of polarization for radiation in the sun's vertical plane can be
written as

F o -/ (16)

vhen Eq. (42) is substituted into Eq. (43). The superscripts F indicate the
total value of a parameter for the Fresnel model. Since the Stokes parame-
ters of independent components are additive, Eq. (46) can be written as

P = 'f'Qi/IF

vhere 2 Q = Q - If ome multiplies and divides each Q; by Ii/Ii’ then
Eq. (h?) becomes

I
F ~ » (48)
P = ;Z:IF i
or
I
i
. 4

The relative contribution to the degree of polarization by each component
(Pi/P'F ) is weighted by its relative intensity (Ii/IF). Four significant
components of the radiation field can be distinguished, as was done in the
discussion of the ground albedo. The identifications of the components of
radiation at the top and bottom of the atmosphere are slightly different.
The most important component at the top generally is the diffuse airlight
that has not been reflected from the ground. This component is identical
to the diffuse radiation that occurs for the model of zero ground albedo.
This component will be called unreflected airlight. A second component

is the unrefiected airlight afier it hes heen reflected from the ground

Just once. The second component will be called the reflected airlight.
- 94 -




A third component is the direct sunlight that is reflected from the ground
Jjust once. This component is called the reflected sunlight . It may pass
directly out of the atmosphere without being scattered, or it may reach
the top of the atmosphere after being scattered one or more times by the
atmosphere. Some of the reflected sunlight and reflected airlight is
scattered by the atmosphere back to the ground, where it is reflected
from the ground a second time. The radiation that is reflected from the
ground two or more times is called multiply reflected airlight. This
component is generally unimportant for the Fresnel model, since roughly
90 per cent of the mdiation falling on the ground is lost from the
radiation field (at least if g < 65°).

The total specific intensity of each component is given in Fig. 49.
The solar constant is x, or x cos (72.5°) units of solar flux pass through
a horizontal unit area at the top of the atmosphere. The unreflected air-
light contributes approximately 80 per cent of the total intensity (1IF) ,
except where the reflected solar image appears, as indicated on the left-
hand side of the figure at 6 = 72.50. The reflected sunlight and reflected
a.iﬂ.ight contribute about 20 per cent of the total and are of the same
order of magnitude, except where the reflected solar image appears. The
multiply reflected intensity is about one per cent of the total.

The degree of polarization of each of the components is shown in
Fig. 50. The total polarization (PF) is quite close to that of the unre-
flected airlight. The total polarization (PF) is positive everywhere. As
a result, the denominator of Eq. (49) is positive and not zero for this
particular example being considered. Although the relative intensity of
the unreflected airlight is about 80 per cent, this component will make a
small contribution to the total polarization (PF) where the polarization
of the unreflected component is small, if the polarization is large for
the other components of weaker intensity. The degree of polarization of
the reflected sunlight is greater than or equal to the value of 0.57 that
it has upon leaving the ground. The degree of polarization of the re-
flected airlight exceeds O.4 in the region wherc the Rahinet and Brewster
points have disappeared from the sun's vertical plane, except within 150
of the horizon. The degree polarization of the multiply reflected radi-
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ation exceeds 0.6 in the same region.

The relative contribution to the degree of polarization of each of
the components is given in Fig. 51. In the region where the total degree
of polarization (PF) is large the principal contribution is made by the
unreflected airlight. The other components contribute less than 20 per
cent in the same region. The unreflected airlight makes a large negative
contribution in region where the positions of the Babinet and Brewster
points are strongly altered. Both the reflected airlight and reflected
sunlight are needed to introduce sufficient positive polarization to make
the total polarization (PF) positive where the unreflected airlight is
negatively polarized. The multiply reflected radiation contributes less
than 0.25 of the total polarization. The computed Babinet and Brewster
points would still disappear from the sun's vertical plane, if this
component were neglected. Hence, the disappearance of the Brewster and
Babinet points from the sun's vertical plane depends about equally on
the reflected sunlight and the reflected airlight.

The azimuthal distance of the neutral points from the sun's
vertical plane is shown in Fig. 52. The distance of a neutral point
from the sun's vertical plane and the range of eo for which the neutral
point exists outside of the sun's vertical plane are larger at the top
than for a corresponding optical thickness at the bottom (Fig. 21). The
computed neutral point positions for the Fresnel model are also given in
Table VII.

The degree of polarization in the vicinity of a neutral point that
lies outside of the sun's vertical plane is shown for an optical thickness
of ‘tl = 0.15 in Fig. 53. 'I'he-la.zimuth of thz neutral point is 9 - @P= 159.60,
and the nadir angle 8§ = cos  0.389 = 67.1 . The degree of polarization in
the nearest solar vertical plane at the same nmadir angle is 0.054. If zero
degree of polarization is measured with an absolute uncertainty of 0.0l1,
then the neutral point coordinates would be determined with an angular

uncertainty of about 20.

The degree of polarization in the vicinity of a neutral point for a
larger optical thickness of T

n

= 0.25 is shown in Fig. S%. The neutral point

Y

1
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TABLE VII

Computed neutral point positions at top of atmosphere of Fresnel
model. Index of refraction is m # 1.34. The word none or a blank
means that the neutral point does not exist. A dash means that
the neutral point exists, but that its position was not computed.

Tl eo Brewster Babinet Arago
0 6, - 0 0 eo -0 ) 8, + 8
0.05  87.13° none 87.2° -o0.1° - -
84.26 " none none
neutral points outside of sun's vertical plane
0 90 -8 P - @
84,26 83.6 0.7 159.7
78.46 TT7.2 1.3 151.6
75.52 T4.0 1.5 150.6
72.5%% TL.0 1.5 1%0.7
66.42 65.1 1.4 152.5
60.00 59.3 0.7 155.0
53.13 53.1 0.0 157.3
45.57 u46.0 - 0.4 158.4
36.87 37.4 - 0.5 157.8
25.84 26.0 - 0.2 155.6
18.19 18.1 - 0.1 15h.1
8.11 8.1 0.0 152.0
0.00 0.0 0.0 180.0
Brewster Babinet Arago
) 90-9 ¢ 8, - © ] 90+9 180-(30+9)
0.15 87.7L none 76.9 10.8 79.1 166.8 13.2
84.26 " 79.8 4.50 82.6 166.9 13.1
83.11 " 81.0 2.1 83.8 166.9 13.1
82.53 " 81.6 0.9 - - -
80o.79 " 83.3 - 2.5 85.9 166.7 13.3
80.22 " 83.8 - 3.6 86.4 166.6 13.4
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Brewster Bgbinet Arago
% 8, 0 6, - © ] 6, -6 6 6 +618 - (g +8)
0.15 T8.46 . - 85.4 - 6.9 none

77.88 89.4 - 11.5 85.9 - 8.0 none
77.29 88.8 - 1.5 86.6 - 9.3

T72.5% none none

neutral points outside of sun's vertical plane
) eo -0 P - ¢

81.37 80.8 0.6 171.1

80.79 80.1 0.7 169.0

80.21 T9.5 0.7 167.2

79.63 T78.8 0.8 165.8

77.88 76.9 1.0 162.9

77.29 T76.3 1.0 162.2

75.52 4.3 1.2 160.6

.34 T72.6 1.8 160.0

TL.3% 70.1 1.3 159.3

68.28 67.1 1.2 159.6

65.17 64.2 1.0 160.3

58.67 58.2 0.5 162.%

5L.68 51.6 0.1 i6h.2
43.94 Lkl - 0.2 165 .4

34.92 35.1 - C.2 162.4

32.86 33.0 - 0.1 161.9

30.68 30.8 - 0.1 161.3

28.36 28.k 0.0 160.5

25.84 25.8 0.0 159.7

19.95 19.8 0.1 158.1

14,07 13.8 0.3 156.5

11.48 11.2 0.3 155.8

8.11 7.9 0.2 155

0.00 0.0 0.0 180.0
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Brewster Babinet Arago

8, 6 6,-8 8 6,-96 6 o +8 180 - (8 +6)
0.25 87.13 none 70.0 17.1  T4+.9  162.0 18.0
8k.26 " 69.4 4.8 77.2  161.5 18.5
8L.37 " 70.3 11.0 80.2  161.6 18.4
78.46 " 72.1 6.4 83.0 161.5 18.5
76.11 " 73.9 2.2 85.4 161.5 18.5
75.52 " Th b 1.1 - - -
™3k - - 75.7 - 1.3 none

T2.5+ 88.7 -16.1 78.1 - 5.6 none
7L.94 88.3 -16.4 T9.0 - 7.1

71.3% 87.9 - 16.5 80.0 - 8.6

70.73 87.3 - 16.6 8L.p - 10.4

66.42 none none

neutral points outside of sun's vertical plane

e eo-e P -9

75.52 none
4.3k T3.6 0.8 17k.5
71.94% TL.1 0.9 170.9
70.73 69.8 0.9 170.1
69.51 68.6 0.9 169.5
66.42 65.6 0.8 169.2
63.26 62.5 0.8 169.5
60.00 59.5 0.5 170.k
53.13 53.0 0.1 172.3
45.57 45.8 - 0.2 172.3
36.87 37.1 - 0.2 169.9
25.84 25.6 0.2 163.8
19.95 19.6 0.4  161.7
16.26 16.0 0.3 160.k
8.11 8.1 0.0 158.4
0.00 0.0 0.0 180.0
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Brewster Babinet Arago
T 8, 0 6, -8 ®© 8, - e 6,+ 6 180 - (g + o)
0.50 84.26 none 61.5 22.7 1.6 155.8 2.2
78.46 " 57.2 21.3 76.5  154.9 25.1
T2.54 " 53.8 18.7 83.0 155.5 4.5
66.42 87.8 - 21.4 49.8 16.6 none
60.00 82.0 - 22.0 hs.1 4.9
53.13 69.6 - 16.5 40.1 13.0
45.57 58.6 - 13.1 34.9 10.6
36.87 46.3 - 9.4 29.4 7.5
25.84 29.1 - 3.3 22.8 3.1
23.07 24.6 - 1.5 21.6 1.5
19.95 none none
neutral points outside of sun's vertical plane
0 Go -0 9 -9
‘ 19.95 19.6 0.4 175.4
16.26 16.0 0.3 17..6
8.11 7.9 0.2 168.2
0.00 0.0 0.0 180.0
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is closer to the sun's vertical plane and the change in polarization from

the solar vertical plane to the neutral point is smaller than for Tl = 0.15
(Fig. 53). If the neutral point were located by measuring the degree of
polarization, the measured position would be more uncertain at the larger
optical thickness, since the spatial gradients of the polarization are weaker
in the vicinity of the neutral points at the larger optical thickness.

The sensitivity of the total specific intensity and the maximum
degree of polarization in the sun's vertical plane to the nature of the
ground reflection is shown in Fig. 55. The value for the Fresnel model
is subtracted from that for the lambert model, and the difference is di-
vided by the value for the Lambert model. The relative difference in the
specific intensity of radiation from the nadir is less than 0.1 if Tl > 0.5,
but the relative difference becomes large at small optical thickness. The
intensity of the radiation reflected from the ground towards the zenith is
greater for the Lambert model than for the Fresnel model, unless the sun is
at the zenith. As a result, the Lambert model is brighter towards the nmadir
than the Fresnel model, and also brighter the smaller the optical thickness.
The relative difference in the maximum degree of polarization is less than
0.2 if Tl > 0.5. If the sun is at the zenith, the maximum polarization
occurs near the horizon; then the maximum polarization at any optical
thicknessvis insensitive to a change from the Lambert to the Fresnel law
of ground reflection. On the other hand, if the sun is near the horizon
as it is wvhen u_ = 0.1, the relative change in the maximum degree of polar-
ization becomequuite large at small optical thickness. In this case the
maximum degree of polarization occurs near the nadir, since the direction of
the maximum polarization is about 90° from the sun. The optical path length

of the atmosphere equals T. sec 6, and it approaches a minimum as the nadir

1
angle @ - 0. As the optical path length in the direction of observation
decreases, the characteristics of the reflected radiation at the ground

assume increasing importance.
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Relative change in total intensity at nadir and in
maximum degree of polarization in sun's wvertical
plane at top of atmosphere from Lambert to Fresnel
model.
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4. CONCLUSION

The computations of the albedc at & water surface can be simpli-
fied considerably by meking several assumptions. First, the muitiply
reflected skylight can be neglected. The resulting relative error in the
albedo is less than five per cent. Second, if the polarization of the
skylight falling on the water is neglected, the resulting relative error
in the total albedo is less than 15 per cent. Third,; if the optical
thickness is T, < 0.5 and the solar zenith angle is 8 < 65°, then
neglect of the roughness of the sea causes a relative error in the albedo
of less than 25 per cent. However, if all three assumptions are made
simultaneously, tke relative error in the albedo is liess than 25 per cent.
On the other hand, when computations of the positions of the neutral points
are made, only the multiply reflected skyiigat can be neglected. Dis-
placement of the neutral points from the sun's vertical plane depends on
the reflected sunlight and reflected airlight, even though they contribute
only a small fraction of the intensity of the radiation emerging from the
top of the atmosphere in the vicinity of the neutral points.

The chamacteristics of commonly used radiation parameters are now
known for both the base and the top of the atmosphere of the Fresnel model.
The methcd that is used in this research to £ind these parameters can be
applied to a model of a Rayleigh atmcsphere and more general ground re-
flection characteristics than those specified by the Fresnel law. Examples
of surface reflection matrices that could be used are those obtained by
Mullama.lz for rough sea surfaces. More general atmospheric models of
turbid atmospheres, which contain aerosol particles; are difficult to use.
The polarization characteristics of radiation scattered from a turbid
atmosphere of sufficient optical thickness for muitipie scattering to be

significant is difficult to compute and has not been done accurately yet.9

The application of the results discussed in this report to satellite
observations of the earth has two restrictions. The first is that the
earth's atmosphere is not homogeneous in spherical shells, principally
because dense ciouds of corndensed water are scattered throughout the tropo-~
sphere. Only limited portioms of the atmosphere can be considered homo-

geneous. Tne second restriction is that the earth's etmcsphere is not
plane-parallel, but spherical. The effect of the sphericity has not been

computed yet.
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